We investigated the transient phenomena in a premixed burner flame with the superposition of a pulsed dielectric barrier discharge (DBD). The length of the flame was shortened by the superposition of DBD, indicating the activation of combustion chemical reactions with the help of the plasma. In addition, we observed the modulation of the top position of the unburned gas region and the formations of local minimums in the axial distribution of the optical emission intensity of OH. These experimental results reveal the oscillation of the rates of combustion chemical reactions as a response to the activation by pulsed DBD. The cycle of the oscillation was 0.18-0.2 ms, which could be understood as the eigenfrequency of the plasma-assisted combustion reaction system.
Introduction
Conventional combustion is a series of chemical reactions in thermodynamic equilibrium, where the rates of reactions are essentially determined by the gas temperature. Heating the gas temperature works to enhance the rates of combustion chemical reactions, but the high gas temperature results in the emission of nitrogen oxides (NO x ) owing to the oxidation of molecular nitrogen. The emission of thermal NO x becomes problematic when the gas temperature exceeds 1800 K. 1) In addition, since the gas heating consumes much energy, it is not an efficient way of enhancing the rates of combustion reactions.
in nonequilibrium plasma to produce reactive species via electron impact dissociation, ionization, and excitation. In other words, plasma-assisted combustion aims to shift the combustion chemistry to a nonequilibrium one where high rates of chemical reactions are expected while maintaining the gas temperature. However, the concrete role of high-energy electrons in plasma-assisted combustion was not clarified from the fundamental point of view, in contrast to the progress of application-oriented research. Several researchers have investigated the kinetic mechanisms of plasma-assisted combustion by experiments as well as numerical simulations, and these efforts converge into the common understanding on the importance of atomic oxygen, which is produced by electron impact processes, as the origin of activated combustion reactions. 3, [26] [27] [28] In our recent works, we also pointed out the importance of atomic oxygen produced in the preheating zone of a premixed burner flame. 29, 30) The understanding on the importance of atomic oxygen is insufficient to optimize practical systems of plasma-assisted combustion. Our recent work shows the importance of atomic oxygen in a limited part of the flame (the preheating zone), but we observe changes in combustion characteristics in a larger volume of the flame. 31) Atomic oxygen produced by electron impact processes can act as the origin of activated combustion chemistry, but we should understand how the effects of atomic oxygen in the preheating zone propagate into the larger volume of the flame.
In this work, we have shifted our interest from the bottom to the top of the plasma-assisted premixed burner flame. The bottom part is the region with the direct superposition of the plasma, while the top of the flame is separated from the plasma by a distance of ∼ 40 mm.
The two regions are connected by gas flow and the propagation of the flame zone. We have observed the transient change in the shape of the flame, which may include the propagation physics of the effects of atomic oxygen produced by electron impact processes in the bottom part of the flame. The experimental results indicate the oscillation in the rates of combustion reactions. The oscillation frequency is a useful hint for identifying the key reaction in nonequilibrium combustion chemistry.
Experimental procedure
The schematic of the premixed burner, which is combined with the system of dielectric barrier discharge (DBD), is shown in Fig. 1 The flow rates of CH 4 , O 2 , and Ar were controlled at 0.38, 1.0, and 5.6 slm, respectively, using mass flow controllers. The equivalence ratio was 0.76. The burner was made of brass and had a 12 mm outer diameter. It had a main nozzle of 2 mm diameter at the center, and eight subnozzles of 1.7 mm diameter surrounding the main nozzle. 32) Considering the inside structure of the gas-feed lines, the flow speed of the mixed gas from the main nozzle was The optical emission image was accumulated on the ICCD camera 3000 times.
Laser-induced fluorescence (LIF) imaging spectroscopy was employed to estimate the spatial distribution of the ground-state (X 2 Π) OH radical density. A tunable laser beam obtained from an optical parametric oscillator (OPO), which was operated at a repetition rate of using two cylindrical lenses. We chose the X 2 Π(v 
captured using the ICCD camera via the interference filter with the transmission at 315 ± 15
nm. The spatial distribution of the LIF intensity did not provide an accurate spatial distribution of the OH(X 2 Π) density, since the LIF emission was affected by the spatial distribution of the rotational temperature. 33, 34) However, in this work, the dynamics of the OH(X 2 Π) density was estimated from the spatial distribution of the LIF intensity. The oscillation timing of the OPO laser was synchronized with the waveform of the applied voltage.
Results
Figure 2(a) shows the waveforms of the discharge voltage and the discharge current. The frequency of the discharge voltage was 1 kHz. The discharge current was averaged for 512 cycles on a digital oscilloscope to obtain the waveform shown in Fig. 2 The formations of local minimums in the axial distribution of the optical emission intensity, which were similar to those shown in Fig. 3 , were observed in the 50 Hz discharge. The local minimums were observed at the timing of the shortest flame length. Figure 8 shows the movements of the local minimums together with the temporal variation of the flame length.
The dotted lines show the flow speed of the mixed gas. The moving speeds of the local minimums coincided well with the flow speed of the gas.
Discussion
It is widely understood that the length of the steady-state premixed burner flame reflects the rate of the combustion chemical reaction. 35) The transport length of the unburned gas from the nozzle becomes shorter with a higher rate of combustion reactions, since the fuel is consumed in the lower part of the flame. Therefore, the high rates of combustion reactions result in a short flame length. In a previous paper, we reported the shortening of the flame length by the superposition of DBD as a function of the amount of high-energy electrons. 31) This result was obtained on the basis of time-integrated pictures of the flame. However, the shortened flame length was not stationary, and in the present paper, we report the transient change in the flame shape when pulsed DBD is superposed onto the premixed burner flame.
A point to be discussed is the delay time between the pulsed discharge and the shortening of the flame length. As shown in Fig. 7 , the shortest flame length was observed at approximately 2.7 ms after the pulsed production of the plasma. If the transport is due to the gas flow, the delay time of ∼ 2.7 ms corresponds to the transport length of ∼ 72 mm (the gas flow speed is 26.6 m/s), which is close to the shortened flame length. This suggests that the region with activated combustion reactions is formed in the bottom part of the flame, and the activated region is transported upward along the gas flow.
It is noted that we observed two or three local minimums in the axial distribution of the optical emission intensity, as shown in Fig. 8 , when the frequency of the applied voltage was 50 Hz. The interval between the local minimums was approximately 0.18 ms, which was much longer than the interval between the current pulses during the falling phase of the discharge voltage (0.04 ms). Since chemiluminescence is the predominant mechanism of the optical emission of OH, 36) it is considered that combustion reactions are less efficient at the local minimums. The local minimums moved upward with the gas flow speed, suggesting that they originate from the lower part of the flame. In other words, in the lower part of the flame, the rates of combustion reactions become less efficient temporally with the interval of ∼ 0.18 ms. The less efficient reactions may be due to the excessive consumption of oxidizers, which is caused by the overshooting of the rates of combustion reactions by the superposition of the pulsed plasma. As reported in a previous paper, 30) we observed the oscillation of the density of atomic oxygen in the preheating zone of the bottom part of the DBD-assisted flame. However, the oscillation frequency of the atomic oxygen density in the bottom part was much higher The formation of local minimums in the axial distribution of the optical emission intensity was also observed at the top of the flame when we terminated the irradiation of the microwave power to the bottom part of the flame. 32) However, the cycle of the formation of the local minimums was different from that observed in the present experiment, and was approximately 0.1 ms. The irradiation of the microwave power caused electron heating in the flame, and it did not result in discharges, which is the principal difference between the two experiments. In 7/?? addition, the gas flow speed in the microwave irradiation experiment was 20.9 m/s, which is slower than the gas flow speed in the present experiment.
Finally, we give a brief discussion on unexpected results included in Fig. 7 . As mentioned above, the delay time between the pulsed production of the plasma (t = 0 and 10 ms) and the shortest flame length (t ≃ 2.6 and 12. 
Conclusions
In this work, we focused on the transient phenomena in the shape of a premixed burner flame with the superposition of pulsed DBD. The flame length was shortened by the superposition of DBD, indicating the activation of combustion reactions in the DBD-assisted flame.
However, we also observed less efficient combustion reactions temporally, which was evident from the formation of local minimums in the axial distribution of the optical emission 
